I. INTRODUCTION
I N A confined metal interconnect line, which is laminated on a layer and encapsulated by a dielectric passivation layer, electromigration creates stresses that can retard electromigration. Blech [3] - [5] was one of the first to explain the origin of this phenomenon. In his experiments, he discovered a critical product of line length and current density, below which no electromigration failure would be observed. Since then, many researchers have studied the evolution of stress due to electromigration. Kirchheim [6] proposed a physically based model in which generation of stress in grain boundaries during electromigration is caused by the annihilation and generation of vacancies. Korhonen [1] proposed another physically based analytical model for mechanical stress evolution during electromigration in a confined metal line described by a one-dimensional equation, as follows: (1) where is the hydrostatic stress, t is time, is the atomic diffusivity, is applicable modulus, is atomic volume, is the Boltzman's constant, is absolute temperature, is the effective charge number, is electron charge, is resisitivity, and is current density. The advantage of this model is that the evolution of hydrostatic stress in the confined line can be calculated in a closed form; however, a disadvantage of this model is that the components of the stress tensor are not available. Therefore, it is not possible to use this model to analyze how the boundary conditions would affect the stress evolution in the line. Clement [7] , [8] proposed a similar model to Korhonen's in terms of vacancy concentration; and in his model still only hydrostatic stress can be calculated. In both models, the relation between the hydrostatic stress and lattice site concentration change is assumed to be (using symbols defined in
where is the change in the volumetric strain due to deposition of atoms at grain boundaries, is the hydrostatic stress, is lattice site concentration; and is a parameter called the applicable modulus which depends on the elastic properties of the metal line and the surrounding material, and on the line aspect ratio. This relationship is based on Eshelby's [9] theory on elastic fields of inclusion; thus elastic material property is assumed for metal lines.
Instead of using the immediate relationship between lattice density and hydrostatic stress, other researchers, such as Povirk [10] , Rzepka [11] and Garikipati et al. [12] , employed the idea that diffusion fluxes give rise to volumetric strain, which serves to establish stress fields, driving stress-migration fluxes. Using a similar concept, Sarychev [13] proposed a threedimensional self-consistent model of stress evolution during electromigration. In this model, local volume change is assumed to be generated by vacancy migration and generation due to electromigration. The local volume change is then treated as an analog of thermal strain. The stress fields are calculated as a result of volumetric strain induced by electromigration. In this approach, assumption of elastic material property is no longer necessary, and all the components of a stress tensor, instead of just hydrostatic stress, are available.
Based on Sarychev's electromigration-deformation constitutive model [13] , a plane strain formulation is derived in this paper. Finite element simulation is performed for confined Aluminum (Al) lines with different lengthes and current densities. Two types of displacement boundary conditions are considered. The hydrostatic stress evolution in the simulation agrees well with Korhonen's [1] analytical model. The effect of displacement boundary conditions on stress evolution is discussed. Finally, the results are discussed by comparing to Black [14] and Blech's [3] experimental results.
II. VACANCY DIFFUSION AND MECHANICALLY COUPLED ELECTROMIGRATION MODEL
The electromigration process is an electron flow assisted diffusion process. In this paper, the process is assumed to be controlled by a vacancy diffusion mechanism, in which the diffusion takes place by vacancies switching lattice sites with adjacent atoms.
The vacancy diffusion equation of electromigration, considering the concurrent mechanical stress, was proposed by Kircheim as [6] combine these two equation together (3) where , vacancy concentration; , vacancy diffusivity; , vacancy flux vector;
, vacancy effective charge number; , electron charge; , metal resistivity; , current density vector;
, vacancy relaxation ratio; , atomic volume; , Boltzman's constant; , absolute temperature;
, hydrostatic or spherical part of the stress tensor;
, vacancy generation rate [13] ;
, thermodynamic equilibrium vacancy concentration;
, equilibrium vacancy concentration in the absence of stress; , characteristic vacancy generation/annihilation time; If we define as the normalized concentration, then the vacancy diffusion equation could be re-written as (4) where, initially, (or ). The vacancy can be considered as a substitutional species at the lattice site with a smaller relaxed volume than the volume of an atom. When a vacancy switches lattice site with an atom or a vacancy is generated/annihilated at a grain boundary or at a dislocation, a local volumetric strain occurs. Proposed by Sarychev [13] , the vacancy diffusion causes volumetric strain in the metal during current stressing. This volumetric strain is composed of two parts, , the volumetric strain due to vacancy flux divergence, and , the volumetric strain due to vacancy generation. Since diffusion is a time dependent process, these volumetric strains are naturally expressed in the form of strain rates (5) (6) where is the Kronecker's symbol. Thus, the combined volumetric strain rate due to current stressing is (7) The total volumetric strain rate due to current stressing is then (8) By analogy to thermal strain (which is the volumetric strain caused by temperature variation), the volumetric strain caused by the current stressing is superimposed onto the strains tensor with strains due to other loadings, thus total strain can be given by (9) where is the total strain tensor, is the strain due to mechanical loading, is the strain due to thermal load, and is the volumetric strain due to electromigration.
III. PLANE STRAIN FORMULATION FOR THE ELASTIC MECHANICAL STRESS-STRAIN MODEL
A plane strain formulation based on Sarychev's model is derived for simulating the stress evolution in a heavily passivated Al thin film. When a Al line is covered by a heavy passivation layer, the out-of plane displacements are greatly restricted. Therefore, the plane strain assumption, where the out-of plane strain is assumed to be zero, provides a good approximation. The standard strain -displacement relationship is given by (10) (11) where, for the plane strain case constitutive relationship with the mechanical, thermal and electric current loadings from (9) is then (12) (13) (14) (15) where (16) (17) where, is Young's modulus; is Poisson's ratio; is the coefficient of thermal expansion. Thus And the hydrostatic stress can be calculated as (24) where is coupled with the vacancy diffusion,
Quasistatic mechanical equilibrium equations for plane strain problem are given by (26) (27) Thus, by solving the coupled diffusion-mechanical equations (vacancy diffusion (3), volumetric strain evolution (25), and quasistatic mechanical equilibrium (26) and (27)), the stress evolution during electromigration can be obtained. With this model, each component of stress or strain tensor can be calculated, as opposed to 1-D analytical models where only a global average hydrostatic stress can be calculated. We can also calculate the Von Mises stress field to detect if the material enters the plastic range. The proposed model allows considering different displacement boundary conditions and irregular shaped interconnect lines due to versatility of the finite element methods.
IV. FEM SIMULATION OF THE THIN ALUMINUM LINE
FlexPDE is used as the finite element code in the analysis [15] . PlexPDE applies integration by parts to reduce second order terms in the partial differential equation (PDE) system to create Galerkin equations. It then differentiates these equations to form the Jacobian coupling matrix. This produces flux integral terms along all sides of each cell. These terms are assumed to be continuous across all interfaces, so that when the Galerkin equations are solved, the solution is consistent with the assumption of flux continuity within the numerical accuracy of the solution, and within the ability of the finite element basis functions to follow the solution shape. FlexPDE uses a Newton-Raphson iteration process to solve nonlinear systems. Adaptive mesh refinement is used to reduce the cell size in areas of sharp curvature of the solution. The system iterates the mesh refinement and solution until a user-defined error tolerance is achieved.
In this analysis, the transient stress evolutions of Al thin film with lengths from 25 to 100 and current densities from 0.5 to 2 are simulated. The temperature is assumed to be uniform to eliminate thermally induced stress in the simulations.
A. Boundary Conditions
A blocking boundary condition for diffusion is assumed, such that the diffusion flux is zero at each end as well as both sides of the line. The displacement boundary conditions on the both ends of the Al line are such that both displacements and are fixed. For the two sides of the line, two types of boundary conditions were considered (Fig. 1) . Type I is such that both displacements and , in the directions of and , respectively, are fixed; Type II is such that only the displacement perpendicular to the side of the line, , is fixed and displacement along the direction of the line, , is allowed. The Type II boundary condition is considered for the case when the passivation layer is not sufficiently strong to restrict slipping between the Al line and the passivation layer.
B. Initial Conditions
The initial condition for vacancy diffusion is that the vacancy concentration everywhere equals the equilibrium value for a stress free state. The line is also initially assumed to be strain-free.
C. Calculation Parameters
Simulation parameters are:
, temperature (assumed uniformly distributed). , Boltzman's constant , Young's modulus of Al; , Poission's ratio; , equilibrium vacancy concentration at a stress free state at 473 K. Calculated from atomic concentration of Al by assuming at 473 K [1] . , atomic volume. , vacancy relaxation time [13] .
, average vacancy relaxation ratio [13] .
, effective charge number [16] . , resistivity of Al.
D. Vacancy Diffusivity
, vacancy diffusivity at 473 K, is used in this simulation. Grain boundary diffusion is assumed to be the main diffusion mechanism in electromigration; and lattice diffusion is not considered since grain boundary diffusivity is order of magnitude higher at this temperature. Frost's [17] grain boundary diffusivity for Al, , is used. By assuming an average grain size to be 1 [1] , the effective atomic diffusivity is thus
The vacancy diffusivity is calculated from the relation [8] ,
, at the stress free state. By assuming at 473 K again, is calculated at the stress free state. Note that the vacancy diffusivity is not dependent on stress, but atomic diffusivity is dependent on stress since vacancy concentration changes with stress.
V. SIMULATION RESULTS
For each type of displacement boundary condition along the Al line, five cases with varying line lengths were simulated as shown in Table I . In all the cases, the width of the Al line was 15 . Such a relatively wide line was chosen to avoid the bamboo or near bamboo grain structure (none or only a few boundaries along the line direction) that exists in a much narrower line. In the case of bamboo or near bamboo grain structured lines 1) the assumption of a universal grain boundary diffusivity for the whole line is not valid any more; 2) since the line is separated by the fast diffusion segments (grain boundaries) and the slow diffusion segments (lattice within the bamboo grain), the diffusion is dependent on the particular grain structure of the line. Although many researchers have explored electromigration in bamboo structured lines [18] - [21] , this is not the focus of the current paper. The second reason for choosing a line width of 15 in the simulation was that it is close to the line width used in Blech's experiments [3] , [4] , [22] , since we will compare this simulation to his experiment results. The mesh used for FE analysis is shown in Fig. 2 . The current flow was from left to right.
Results for all cases shown in Table I At steady state, the vacancy concentration distribution along the line was nearly linear, with the lowest concentration at the anode side (left side) as shown in Fig. 3 . The steady state volumetric strain, as shown in Fig. 4 , was positive (compressive) near the anode side as ions migrated into and accumulated in this region (or vacancies migrated out), and negative (tensile) near the cathode side. The steady state stress components , and are shown in Figs. 5-7. Since yielding of metals is independent of the hydrostatic portion of the stress tensor, the value of hydrostatic stress in the Al line is not an adequate measure to judge whether or not the Al has reached the plastic range. Von Mises stress is often used as the yield condition for metals and is shown in Fig. 8 . The maximum Von Mises stress value is seen along the four edges of the Al line (120 MPa). vacancy flux was zero at both ends due to the blocking diffusion boundaries. The corresponding divergence of the vacancy flux is shown in Fig. 10 . As the diffusion process approached steady state, the respective vacancy flux divergence gradually decreased to zero.
The evolution of the hydrostatic stress distribution is shown in Figs. 11-14 . Hydrostatic stress first developed near both ends of the Al line, and then gradually decreased inward, eventually changing sign in the middle. At steady state, the hydrostatic stress was in compression near the anode side, and was in tension near the cathode side. Time histories at both ends of the Al line for hydrostatic stress, normalized vacancy, and Von Mises stress are shown in Figs. 15-17 . These values increased with time during current stressing and finally reached steady state at approximately the same time. Both the hydrostatic stress time-history and its distribution evolution are similar to the results from Korhonen's analytical model [1] . Since this model also gives individual components of the stress tensor, it makes it possible to use appropriate yield conditions to decide where the material enters plasticity. Whereas, Korhonen's [1] model provides a global hydrostatic stress value only. 
VI. FURTHER DISCUSSION
The simulation results show that electric current stressing creates volumetric deformations along the Al line due to vacancy flux divergence and vacancy generation/annihilation as shown in Fig. 4 . Due to the applied boundary constraints, mechanical stresses developed. A summary of simulation results for the five cases and two types of boundary conditions are shown in Tables II and III. Korhonen [1] predicted that the time for electromigration to reach a steady state (a state where the atomic or vacancy flux II  SUMMARY OF SIMULATION RESULTS FOR TYPE I DISPLACEMENT  BOUNDARY CONDITION   TABLE III  SUMMARY OF SIMULATION RESULTS FOR TYPE II DISPLACEMENT  BOUNDARY CONDITION   TABLE IV  TIME FOR ELECTROMIGRATION TO REACH STEADY STATE are zero everywhere and thus there is no further stress development) is proportional to the square of the line length. In this simulation, the results show that the time to reach steady state is approximately dependent on the square of the line length as shown in Table IV , which agrees with Korhonen's prediction. The time to reach steady state is independent of current density but dependent on the displacement boundary conditions.
If we consider the time to reach certain hydrostatic or Von Mises stress levels at the blocking boundary, the results in Table V show that time is mostly dependent on the current density and nearly indenpent of Al line length for all simulation cases. For Type I displacement boundary conditions, the time to reach certain hydrostatic stress levels is weakly dependent on the inverse of the square of current density. For example, the time to reach a hydrostatic stress level of 100 MPa averaged about 1.78 hours for Cases I to III with Type I conditions, where the current density is . When current density is reduced to 0.5 as in Case IV, the time increases to 5.56 hours, 3.1 times as long as Cases I to III. When current density increases to 2 as in Case V, the time reduces to 0.57 hours which is 0.32 times as long as Cases I to III. But the time to reach certain Von Mises stress levels is strongly dependent on the inverse of the square of current density, such that . For Type II displacement boundary conditions, the times to reach certain hydrostatic stress and Von Mises stress levels are both strongly dependent on the inverse of the square of current density.
If we assume that the line failure occurs when the hydrostatic stress reaches a critical value, the time to failure of the Al line is at least weakly proportional to the inverse of the square of current density. But it is more appropriate to assume that failure occurs when the Von Mises stress reaches a crical value (e.g., yield condition), since hydrostatic stress cannot be used as a yield condition for metals. In a finite line, if a steady state of electromigration is achieved before yielding, the total steady state flux becomes zero; at this point, the electromigration flux is entirely balanced by the counterflux due to the hydrostatic stress gradient and consequently there will be no further electromigration damage. If Von Mises stress reaches a critical value (yield condition) at the end of the Al line before the steady state flux becomes zero, the blocking boundary region experiences plasticity. This prevents the build up of stress gradient in the Al line which counter-balances the electromigration flux. Thus, zero-flux steady state may never be reached, and the Al line fails. The time for Von Mises stress to reach a critical level is shown to be inversely dependent on the square of current density. This observation is in accordance with Black's experiments [23] on metal line electromigration, which showed that mean time to failure depends on the current density to the power of (28) where is the current density, is the median time to failure, is a constant, and is the activation energy of the filure process.
A more rigorous mechanical constitutive model, such as the visoplastic model, can be used to track stress evolution and provide a more accurate simulation of this diffusion-mechanical coupled electromigration process. That will be the subject of another paper.
The steady state hydrostatic and Von Mises stresses are listed in Table VI for both Type I and Type II displacement boundary TABLE VI  STEADY STATE HYDROSTATIC conditions. The steady state hydrostatic stresses are proportional to the product of line length and current density. These results agree with Korhonen's analytical results [1] . The steady state Von Mises stresses are also proportional to the product of line length and current density for Type II displacement boundary conditions; however, for Type I boundary conditions, the steady state Von Mises stresses are only proportional to the current density.
The following can be concluded based on the above assumption that no electromigration failure occurs if electromigration reaches steady state before yielding. Combining Von Mises yield conditions and Type I boundary conditions predicts that electromigration failure occurs above a critical current density, since the steady state Von Mises stress is proportional to current density. Combining Von Mises yield conditions and Type II boundary conditions leads to the prediction that electromigration failure occurs above a critical "product" of current density and line length, since steady state Von Mises stress is proportional to this product. This observation with Type II boundary conditions is in accordance with Blech's experiments [4] , [5] , where he found a critical product of line length and current density below which no electromigration failure is observed. Some researchers [1] , [8] use a critical hydrostatic stress value as a failure criterion, which leads to a critical product of current density and line length. The authors of this paper believe this is not appropriate, since a hydrostatic stress level cannot be used as a yield condition for metals, which is the basic tenet of strength of material theory.
The steady state distribution of normal, shear and Von Mises stress distributions in Case II with Type II boundary conditions are shown in Figs. 18-21 , as compared to the results from Type I boundary conditions in Figs. 5-8. The stress distributions in these two types of boundary conditions are dramatically different. Type I boundaries create a more rigid constraint than Type II boundary conditions. A normal stress gradient of and a shear stress gradient of developed for Type I boundary conditions, whereas and were almost zero everywhere for Type II boundary conditions. Uniformly constrained Type I boundary conditions also prevent Von Mises stress from getting large in the line. The shear stress along the side of the Al line for Type I boundary conditions was very high, and may well exceed the shear strength between the Al line and its passivation surroundings.
VII. CONCLUSION
In this paper, partial differential equations (PDEs) for diffusion-mechanical coupled electromigration processes are solved using finite element method. The PDE system is based on vacancy diffusion-mechanical coupled process.
The results indicate that boundary conditions and current density greatly influence the process of electromigration. The results have been compared against experimental results published in the literature and an analytical model by Korhonen. Simulation results indicate that by controlling the boundary conditions, electromigration induced damage can be mitigated.
